The aim of this work was to compare aggregate disruption of undisturbed soil samples by ultrasonic energy to aggregate disruption caused by the energy of simulated raindrops, to provide equations that can describe this relationship, and to evaluate whether aggregate stability, expressed by sonication method, may be used to estimate the effect that raindrops have on undisturbed soil samples. Undisturbed soil samples from A, Bi and C horizons of a Cambisol were submitted to different levels of ultrasonic energy and simulated raindrops. Sieved samples (aggregates) were also submitted to different levels of ultrasonic energy so that both disturbed and undisturbed conditions of samples could be compared. The results showed that the method using ultrasonic energy on undisturbed soil samples can simulate the amount of aggregate disruption of soil due to raindrop impact. Dispersion curves of disturbed samples may not be used to estimate the effect of raindrops on undisturbed soil samples.
INTRODUCTION
The impact of the raindrops on the soil constitutes the initial and most important phase of the erosive process. Several methods have been proposed for the evaluation of soil erosion, involving field work using natural or simulated rain (CARVALHO et al., 2007) and laboratory analyses based on soil attributes, especially, the stability of aggregates (COSTA et al., 2008) . The laboratory methods present the advantage of being faster and of lower cost. Sá et al. (2000b) , comparing aggregate stability evaluation methods, found that it does not just depend on the soil attributes, but also on the methodology used in the analysis.
Ultrasonic energy has been used for evaluation of the aggregate stability through dispersion curves, relating the amount of dispersed material in different levels energy (SÁ et al., 2002) . That methodology has shown to be sensitive in detecting differences as to the soil aggregation influenced by physical, chemical, mineralogical attributes, Relationship between raindrops and ultrasonic...
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Ciênc. agrotec., Lavras, v. 33, n. 3, p. 814-823, maio/jun., 2009 and land use (RAINE & SO, 1993; SÁ et al., 1999 SÁ et al., , 2002 . Such methodology also has been used with the objective of estimating soil erodibility (SÁ et al., 2004) . However, that methodology has still not been tested as to possible results related to the energy of rain drops, in the production of soil erosion sediments.
The principle of the use of ultrasound is the phenomenon of cavitation, in other words, a physical phenomenon in which the formation, growth and implosion of micro air-bubbles occurs in a liquid medium irradiated with ultrasound (LEIGHTON, 1995; STEPHANIS et al., 1997) . The phenomenon of cavitation occurring on the surface of the aggregates and in their rifts and lines of weakness is responsible for the breakup and dispersion of the primary soil particles (FRISTENSKY & GRISMER, 2008) .
The analysis of soil structural stability uses aggregates separated by sieving, not taking into account the structural natural of the soil in which the union among aggregates is also important to their stability. That relationship has great influence on soil erosion susceptibility. As an example, Latosols with high gibbsite contents present a highly stable granular structure (FERREIRA et al., 1999) . However, that granular structure represents lower coherence among the aggregates, facilitating the splash of the soil by rain (SILVA et al., 1995) , which does not happen in other soil classes, with a block structure for instance. The use of undisturbed soil samples allows better expression of the soil response in relation to the energy imposed on the sample surface.
Therefore, the objective of this work was: i) to evaluate the disaggregation of undisturbed samples of a typical Dystrophic Tb Haplic Cambisol (CXbd), resultant from the application of ultrasonic energy compared to the aggregate disruption that is caused by the kinetic energy of simulated raindrops; ii) to obtain a mathematical equation to express the relationship between the ultrasonic energy and kinetic energy of simulated raindrops; iii) to compare the results of disaggregation curves, obtained with application of ultrasonic energy, of samples with deformed structure (sieved) and samples with undisturbed structure confined in coring cylinders.
MATERIAL AND METHODS
Undisturbed samples were collected confined in coring cylinders with a 6.35 cm diameter and 2.5 cm height, at three depths: surface, at 40 and 100 cm, representative, respectively, of the A, Bi and C horizons of a typical Dystrophic Tb Haplic Cambisol (CXbd), located on the campus of the Federal University of Lavras (21°13'42"S -44°59' W), Lavras, MG. The characterization of the samples involved the granulometric analysis by the pipette method (fast agitation in a cocktail shaker type agitator + NaOH 1 M) and determination of the organic matter content, according to Embrapa (1997) methodology.
The undisturbed samples were saturated with distilled water by capillarity for 48 hours and later submitted to aggregate disruption by application of ultrasonic energy and by the kinetic energy of simulated raindrops. In both disaggregation assays the treatments followed a 5x3 factorial outline, corresponding to five energy levels (ultrasonic or kinetic energy of raindrops) and three collection depths (horizons A, Bi and C), in a completely randomized design, with three repetitions.
The samples were then submitted to the sonication times of 1, 5, 10, 20 and 30 s, corresponding to the energy (E a ) levels of 0.13; 0.66; 1.32; 2.63 and 3.95 J mL , calculated according to equation 1 (SÁ et al., 1999 (SÁ et al., , 2002 .
(1)
In which E a is the applied energy (J mL -1 ); P c is equipment power (Watts); t s is the sonication time (s); V is the volume of water utilized (mL).
The sonications were carried out in a Misonix, model XL2020 equipment, operating at 20 kHz, in stage 9 of the display (Figure 1) , with a potency of 78.91 Watts, calculated from the standard procedure, based on calorimetric techniques, described by Sá et al. (2000a Sá et al. ( , 2001 .
The samples were put on a suspended aluminum base and immersed in an 800 mL beaker, containing 600 mL of water, this arrangement being inserted in a calorimeter, that consisted of a plastic pot with a cover internally lined with styrofoam and aluminum foil (Figure 1 ). The tip of the ultrasound probe, 17.5 cm in length and 1.9 cm in diameter, was inserted through an opening in the cover of the calorimeter, 2 cm being immersed in the water and 2 cm away from the sample surface.
In the disaggregation assays for the kinetic energy of simulated raindrops, the undisturbed samples were submitted to the impact of 2.45 mm diameter drops, falling from a height of 3.31 m in a minisimulator built under laboratory conditions. Rain of 150 mm h -1 intensity was applied, during 5, 8, 11, 16 and 21 minutes, corresponding to the return times of 5, 10, 20, 50 and 100 years, for the Lavras, MG region (MELLO et al., 2001) . Based on the intensity and duration of the precipitation and on the characteristics of the simulated rain (drop size, fall height, fall time and drop terminal velocity), for each rain duration time, the corresponding kinetic energy was calculated, resulting in the following values: 2.37; 3.79; 5.21; 7.58 and 9.95 MJ ha -1 . The calculations of the rain kinetic energy can be found, in full detail, in Silva (1994) , and the construction and dimensions of the raindrop minisimulator, in Ribeiro (2006) .
The disaggregated material of the undisturbed samples after the sonications or impact of the raindrops was dried in an oven for 48 hours at 105 ºC. The mass of disaggregated dry soil was related to the area of the sample and expressed as Mg ha -1 . The data were submitted to variance analysis, tests of averages and linear regression adjustment (y = a + bx), relating the amount of disaggregated material and energy levels (ultrasonic or drop kinetic energy), using the Sisvar (FERREIRA, 2000) software.
The first step for the establishment of a relationship between the ultrasonic energy levels (J mL -1 ) and the kinetic energy levels of rain ), was the establishment of linear regression curves (y = a + bx) relating those two forms of energy with the amount of disaggregated material, starting from undisturbed samples. Soon afterwards, the transformation of the data into the logarithmic form proceeded, obtaining logarithmized linear regression equations relating the amount of disaggregated material with the two forms of energy. Based on the best model (chosen in function of highest R 2 ), values of ultrasonic energy or kinetic energy of rain were substituted, thus making a relationship between those two forms of energy possible. Starting from that relationship, kinetic energy values were attributed, that were substituted in the equations that relate the kinetic energy of rain and ultrasonic energy, for the estimate of the latter. A verification of the methodology was also carried out, estimating the amount of disaggregated material by the respective linear models, comparing the results through the error estimate.
The stability analysis of the aggregates (4.76 to 7.96 mm diameter) with application of ultrasonic energy was carried out according to the methodology proposed by Sá et al. (2002) , with modifications. 5 g samples of air dried aggregate, the mass of which was corrected for oven dried, in triplicate, were pre-moistened and transferred to a 250 mL beaker, completing the volume to 200 mL with distilled water (soil:water ratio 1:40). The samples were submitted to sonication times of 0, 15, 30, 60, 120, 180, 240 and 300 s, corresponding, respectively, to the specific energies of 0; 4.7; 9.4; 18.8; 37.6; 56.4; 75.2 and 94.0 J mL -1 , in agreement with equation 1. After each sonication, the samples were sieved at a screen mesh of 0.053 mm. The soil material retained in the sieve was dried in an oven for 24 hours at 105 ºC and weighed. Zero time of sonication was made up of simply putting the aggregates in the beaker, completing the volume with distilled water and sieving, just representing the aggregate disruption caused by the handling of the sample.
For each level of specific energy applied, the disaggregation indices (DI) (equation 2) were calculated, which represents the effect of the aggregate stability plus the granulometry of the sample, and the normalized disaggregation index (NDI) (equation 3), just representing the effect of the aggregate stability (SÁ et al., 1999) .
In which DI is the disaggregation index (adimentional), related to the quantity of silt + clay dispersed in a given energy level (obtained by the difference between the mass of aggregates before the sonication and the soil material retained in the sieve), with the mass of aggregates before the sonication (g).
In which NDI is the normalized disaggregation index; DI is the disaggregation index obtained by equation 2, for each ultrasonic energy level applied; DI maximum is the highest disaggregation index found. The data were submitted to variance analysis and average test (Scott-Knott), the horizons being compared in each level of energy applied, at 5% of probability, using the Sisvar (FERREIRA, 2000) software, and the obtained normalized disaggregation curves, according to Sá et al. (1999) , plotting the applied energy on the abscissa axis (X) and the disaggregation index on the ordinate axis (Y), adjusting the models of the type Y = X/(a + bX).
RESULTS AND DISCUSSION
The undisturbed samples originating from the A, Bi and C horizons presented the same behavior when submitted to the ultrasonic energy and kinetic energy of the rain, horizon C being more susceptible to aggregate disruption than the horizons A and Bi, which did not differ between themselves (Figure 2 A and B) . Imeson & Vis (1984) found a consistent and reproducible relationship between the drop kinetic energy and ultrasonic energy in the aggregate disruption of soil samples, working however, with disturbed samples (aggregates).
The highest aggregate disruption of horizon C is, mainly, a reflection of its low structure level, higher levels of silt and low organic matter content (Table 1) , characteristics typical of the Cambisols (RESENDE et al., 1988) , representing an erosion risk by washout, as, for instance, in road cuts and in gully erosion embankments. Morais et al. (2004) , analyzing the erodibility of different saprolites (horizon C), found that those more susceptible to erosion are those of silty texture and poor in clay minerals. Granulometric analysis according to Embrapa (1997) criteria (fast dispersion in a cocktail shaker type agitator + NaOH 1 M).
When the aggregate stability analysis took place, with application of ultrasonic energy, it was observed that horizon Bi presented behavior similar to horizon C; reaching high disaggregation indices, normalized or not, soon in the first levels of ultrasonic energy, compared with horizon A (Table 2 ). The disaggregation index (DI) represents the effect of the aggregate stability plus the granulometry (SÁ et al., 1999) , and it will have its maximum value limited by the amounts of silt + clay, present in the sample. As an example, maximum DI values of 0.51, 0.67 and 0.65 were obtained for the horizons A, Bi and C, respectively. Those values are equal to the contents of 510, 670 and 650 g kg -1 of silt + clay dispersed with application of ultrasonic energy, while the silt + clay content (Table 1) obtained by the traditional granulometric analysis (EMBRAPA, 1997) were of 519, 654 and 551 g kg -1 for the horizons A, Bi and C. With exception of horizon A, the application of ultrasonic energy was shown to be more efficient in the dispersion of the soil materials.
The normalized disaggregation indices (NDI) presented in Table 2 just represent the effect of the stability of aggregates (SÁ et al., 1999) , in other words, NDI values close to zero indicate minimum dispersion and values close to one, indicate the total dispersion of the aggregates into primary particles (sand, silt and clay). It is observed that, in merely handling the sample (zero energy level), the horizon C presented NDI value equal to 0.32, in other words, 32% of its total dispersion. The horizon A presented lower NDI values in all of the energy levels applied, compared with horizons Bi and C, which did not differ among themselves. Except in the highest energy level (94 J mL -1 ) in which there is already total aggregate dispersion (NDI values close to one) differences were not observed among the soil materials studied. For the horizon Bi and C samples, NDI values of 0.96 and 0.94, were found respectively, starting at 9.4 J mL -1 , and reaching a plateau (total dispersion), as can be observed by Figure 3 , characterized by small variations in the disaggregation indices. Ultrasonic energy levels inferior to 9.4 J mL -1 would be necessary to point out differences as to the aggregation energy among those materials (horizons Bi and C). Vieira Relationship between raindrops and ultrasonic...
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(2005) considered values near to 8 J mL -1 as being the most appropriate to point out differences as to the stability of aggregates for the deeper layers, soils with lower organic matter levels and material from incipient B horizon. For the aggregates of horizon A, the behavior was linear up to 94 J mL -1 , reaching the NDI value of 0.98. In samples of aggregates of the superficial layer of a Latosol under different uses, the curves tended to plateau starting from 90 J mL -1 , the interval from 30 to 90 J mL -1 being considered the most sensitive and associated to lower coefficient variations to point out differences in the aggregate stability (SÁ et al., 2002) . The level of ultrasonic energy necessary for total dispersion of the soil into primary particles showed to be appropriate for the study of the stability of aggregates of Brazilian tropical and subtropical soils, having wide amplitude in the appraised samples mainly in function of the organic carbon content and the mineralogy of the clay fraction (INDA JÚNIOR et al., 2007) .
Based on the results of the aggregate stability analysis with application of ultrasonic energy it is observed that the aggregates of the horizons Bi and C presented low aggregation energy ( Figure 3 and Table 2 ), a reflection of their lower organic matter levels, compared with horizon A. The organic matter of the soil has been considered the attribute better related to stability of aggregates submitted to ultrasonic energy (INDA JÚNIOR et al., 2007; SÁ et al., 2000b) , besides the mineralogy of the clay fraction, mainly, the low crystalline iron oxides and gibbsite (INDA JÚNIOR et al., 2007; VITORINO et al., 2003) .
When the undisturbed samples were submitted to the impact of raindrops, the Bi horizon presented resistance similar to horizon A (Figure 2A ), giving evidence for the importance of the natural structure of the soil in the prediction of its susceptibility to erosion. At the same time, the application of ultrasonic energy on the surface of undisturbed samples was capable of reproducing the same results ( Figure 2B) .
In Figure 4 , linear regression curves are presented relating the amount of disaggregated material produced by the kinetic energy of the simulated rain and by the ultrasonic energy, for the undisturbed samples coming from horizons A, Bi and C. Adjustments were obtained with R 2 above 0.90, except for the horizons A and Bi, where the application of ultrasonic energy provided adjustments with R 2 of 0.82 and 0.83, respectively. In Figure 5 , the linear regression curves are presented relating the kinetic energy of rain and ultrasonic energy, representing equivalent levels of these two forms of energy that provided the same amount of disaggregated material starting from undisturbed samples. Based on the equations, a simulation was carried out, attributing kinetic energy values of the rain and finding the corresponding ultrasonic energy (Table 3) . It is observed that the estimated values of disaggregated material for the ultrasound were close to those obtained by the kinetic energy of rain, presenting an error of estimate inferior to 10% for the horizons A and Bi and inferior to 24% for horizon C. It Level of specific energy applied 0.0 4.7 9.4 18.8 37.6 56.4 75.2 94.0 stands out, however, that that estimate is based on the soil sample attributes and on the methodology used, but that it gives evidence for the potential use of ultrasound to simulate the phenomenon of aggregate disruption and soil loss caused by simulated rain. It is an initial study that should be repeated in other soil classes, but with a possibility to simulate the effects of different kinetic energy values of rain in the aggregate disruption of the soil with the use of ultrasound, in a fast and low cost way, when compared to field assays. As an example, the effect of the kinetic energy of sprinkler drops and rain simulators on soil disaggregation can be verified, by exposing undisturbed samples to the ultrasonic energy corresponding to the energy of the rain. 
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CONCLUSIONS
The action of the ultrasonic energy in undisturbed samples of a Haplic Cambisol appropriately described the phenomenon of the aggregate disruption of soil caused by the simulated rain drops.
The relationship between ultrasonic energy and kinetic energy of simulated rain drops allows to simulate Disaggregation curves of disturbed (aggregates) samples of this soil cannot be used to estimate the effect of raindrops on their undisturbed samples.
